We investigate a series of films with different thickness of the Heusler alloy Co2FeAl in order to study the effect of annealing on the interface with a MgO layer and on the bulk magnetic properties. Our results reveal that while the perpendicular interface anisotropy constant K ⊥ S is zero for the asdeposited samples, its value increases with annealing up to a value of 1.14 ± 0.07 mJ/m 2 for the series annealed at 320 o C and of 2.01 ± 0.7 mJ/m 2 for the 450 o C annealed series owing to a strong modification of the interface during the thermal treatment. This large value ensures a stabilization of a perpendicular magnetization orientation for a thickness below 1.7 nm. The data additionally shows that the in-plane biaxial anisotropy constant has a different evolution with thickness in asdeposited and annealed systems. The Gilbert damping parameter α shows minima for all series for a thickness of 40 nm and an absolute minimum value of 2.8 ± 0.1 × 10 −3 . The thickness dependence is explained in terms of an inhomogeneous magnetization state generated by the interplay between the different anisotropies of the system and by the crystalline disorder.
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INTRODUCTION
In order to achieve efficient spin torque switching, materials with a certain set of properties are required. These properties are a combination of low damping and low magnetization, together with the presence of a robust perpendicular magnetic anisotropy (PMA). Additionally, these materials should have a high spin polarisation and be compatible with standard tunneling barrier materials such as MgO or MgAl 2 O 4 . A high Curie temperature is also desirable to guarantee temperature stability.
In the wide family of the Heusler compounds, some candidates can be found which fulfill the aforementioned requirements. For instance, large tunneling magnetoresistance (TMR) ratios have been reported for several compounds [1] [2] [3] [4] [5] [6] . Heusler films have been successfully employed in systems with PMA [7] [8] [9] [10] [11] and show also low damping properties [12] . For the PMA properties of thin Heusler films, the interface-induced perpendicular anisotropy plays a critical role and its strength is given by the value of the perpendicular interfacial anisotropy constant K ⊥ S . The interfacial properties, and therefore the value of the constant, are strongly modified by the exact conditions of the annealing treatment for the stack, which is required to improve the crystalline order of the Heusler films [6, 13, 14] and to achieve large TMR values [35] . The alloy Co 2 FeAl belongs to the materials for which large TMR [15] have been reported, even for textured films on a SiO 2 amorphous substrate [16] . Low damping [17] [18] [19] and PMA [18, 20] have also been proven. In this work, we study the evolution with annealing of K ⊥ S in systems with a MgO interface, by measuring different thickness series. Since the in-plane anisotropies and the Gilbert damping parameter change with varying thickness and annealing temperature, also their evolution is reported. The relevance of the study is not limited to Co 2 FeAl but it is a model for all TMR systems with Co-based Heusler alloys and an interface with a MgO tunneling barrier.
SAMPLE PREPARATION
Thickness series (7-80 nm) of Co 2 FeAl (CFA) epitaxial films were prepared and a microstrip-based VNA-FMR setup was used to study their magnetic properties. The dependence of the in-plane anisotropies and the Gilbert damping parameter on the thickness and the determination of the interface perpendicular anisotropy constant K ⊥ S for the CFA/MgO interface is presented for as-deposited samples and for two different values of the annealing temperature.
The stack layer structure is MgO(100)(subs)/ MgO(5)/CFA(d)/MgO(7)/Ru(2) with d = 7, 9, 11, 15, 20, 40 and 80 nm. Rf-sputtering was used for the MgO deposition and dc-sputtering for the rest. The values of the annealing temperature for the two series with thermal treatment are 320 o C and 450 o C. The layer stacking is symmetrical around CFA so that a similar interface is expected for both sides. The samples were all deposited at room temperature and annealed afterwards under vacuum conditions.
X-RAY CHARACTERIZATION
Crystallographic properties of the CFA thin films were determined using x-ray diffraction (XRD) measurements in a Philips X'Pert Pro diffractometer equipped with a Cu anode. The (002) superlattice and the fundamental (004) peak of the CFA can be observed (see Fig. 1 ) already for the as-deposited state. In-plane performed φ scan measurements reveal the absence of the (111) superlattice reflection in these films. Therefore, partial B2 crystalline order is verified. Epitaxial, 45 o rotated growth, relative to the MgO buffer layer, was verified using a φ scan of the reflection from the (202) planes (not shown here). The epitaxial relationship CFA (001)[100] // MgO(001) [110] was therefore confirmed for these films, i.e. CFA grows with the same crystalline orientation as the substrate but the unit cell is rotated 45 o in plane respect to the MgO unit cell.
X-ray reflectometry (XRR) has been performed on the 20 nm thick films and it is shown in Fig. 2 . The estimation of the RMS value is only possible with a certain uncertainty due to the number of layers which increases the number of fitting parameters but it is possible to say that it lays around 0.1-0.3 nm for the three samples. In any case, it is evident that the interface is very smooth in all cases and that the annealing is not modifying the roughness properties.
RESULTS AND DISCUSSION
From the dependence of H FMR on the resonance frequency f FMR , the effective magnetization M eff is extracted using a fit to Kittel's formula [23] . For a more detailed description of the FMR measurement and analysis procedure please see Ref. [24] . M eff is related to the saturation magnetization of CFA by [25] [26] [27] 
where K ⊥ S is the perpendicular surface (or interfacial) anisotropy constant. This implies that it is not possible to obtain a stable perpendicular magnetization orientation for any thickness value based only on the interface effect. However, it has to be commented that a non-vanishing volume perpendicular anisotropy has also been reported for CFA [20] which may indeed stabilize an out-of-plane orientation. Concerning the relative decrease of M eff for large thicknesses, we attribute this to a inhomogeneous magnetization state which is sometimes observed in thick films [34] . This point will be later commented when analyzing the damping properties.
Figs. 3(b) and (c) show the evolution of the situation when the annealing step is applied. The interface properties change with the thermal treatment and K ⊥ S increases to a value of 1.14 ± 0.07 mJ/m 2 for the 320 o C case and of 2.07 ± 0.7 mJ/m 2 for 450 o C. The larger error bar in the later value is due to a larger scattering of values for M eff . A recent study of the perpendicular anisotropy properties on CFA thin films has been published where a novel TiN buffer layer is employed [7] . In-and out-of-plane hysteresis loops are used to determine the value of K ⊥ S instead of the FMR measurements used here. However, the largest obtained values for K ⊥ S are in both cases in accordance with ours (0.86 ± 0.16 mJ/m 2 ). For comparison it has to be taken into account that due to the presence of two CFA/MgO interfaces, the values presented here are expected to be a factor of two larger. Both values are then in good agreement. The different annealing temperature range does not allow for a comparison of the evolution of K ⊥ S with that parameter but a remarkable difference o C. The lines are a fit to Eq. 1, the hollow data points were not considered.
can be found in the as-deposited samples. A comparatively smaller but, contrary to our case, non-zero value is reported. This reveals the role of the TiN buffer layer in improving the interface quality.
Although it cannot be quantified by XRD, the existence of a certain level of stress in the films cannot be excluded. This stress is changing upon annealing together with the crystalline order at the interface and therefore it is reasonable to admit that it plays a role in the evolution of K ⊥ S . However, it is not possible to separate the contribution to the evolution of the PMA due to these two effects. First principle calculations of K ⊥ S for stress-free CFA/MgO interfaces [36] has provided a value for K ⊥ S of 1.31 mJ/m 2 for Co-terminated interfaces while FeAltermination does induce in-plane orientation. This value is compatible with our results for the 450 o C case taking into account that our samples have two CFA/MgO interfaces. In any case, our results are more compatible with a Co-termination at the MgO interfaces following this calculation. Other experimental results using XMCD attribute, contrarily to the previous calculation, a PMA contribution to the Fe atoms at the interface [37] . The exact atomic origin of the PMA is then still under discussion and therefore also the actual impact of stress. As already shown in Fig. 2 , the roughness remains unchanged after the annealing process. The increase of K ⊥ S is then due to a more subtle change of the atomic ordering at the immediate interface and is not connected to a roughness modification, or at least not in a large degree.
By setting d = ∞ in Eq. 1 it is possible to extract a value for M s of 1140 ± 30 kA/m from the linear fit for the as-deposited samples. This value is larger than the ones reported in [21, 28] (1000-1030 kA/m) but similar to a FMR study [32] on very thick (140 nm) CFA polycrystalline films providing a value of M eff = 1200 kA/m.
The saturation magnetization M s for TiN buffered CFA, deposited and investigated by the same group, was measured to be 1140 ± 60 kA/m, which is in excellent agreement with the value obtained from the FMR data. The saturation magnetization for TiN buffered CFA was obtained using alternating gradient magnetometer (AGM) measurements and verified using vibrating sample magnetometry (VSM) on a 10 nm thin CFA layer [7] .
The value of M s also increases upon annealing up to 1213 ± 8 kA/m for the 320 o C series and 1340 ± 70 kA/m for the 450 o C one. This increase can be attributed to an improvement of the crystalline order with annealing.
From the extrapolation of the linear fits to M eff = 0 it is possible to extract the thickness at which the interfacial perpendicular anisotropy is able to stabilize an out-of-plane configuration by overcoming the demagnetization field and allowing the magnetic easy axis to be out-of-plane. This thickness is 1.2 nm and 1.7 nm for 320 o C and 450 o C annealing temperature, respectively. The relative difference between both values for the critical thickness is smaller than the relative difference for K ⊥ S for the respective temperature values. This is explained by the larger M s value for the 450 o C case for which a larger demagnetizing field must be overcome to achieve PMA.
Belmeguenai et al. presented data very similar to the one shown in Fig. 3(a) for (110)-ordered textured films [21] and for (100)-oriented epitaxial films grown on MgO(100) substrates [22] . The annealing temperature is 600 o C. The data is given for thickness values not smaller than 10 nm. However, the interpretation of the data is completely opposite to ours, resulting in a negative value K ⊥ S = −1.8 mJ/m 2 . The negative value indicates that the interface anisotropy is favoring an in-plane orientation of the magnetization. PMA with Ta/CFA/MgO (or Cr or Ru) systems have been indeed achieved [29] [30] [31] with Figure 4 shows the dependence of the Gilbert damping parameter α on the thickness d for the as-deposited samples and the annealed series. The inset shows exemplarily for the 80 nm samples the dependence of the linewidth ∆H on the frequency and the linear fits to obtain α. For the three series we observe a minimum in the α value for d = 40 nm. The smallest value obtained for this series is α = 2.8 ± 0.1 × 10 −3 . When comparing to the literature it has to be taken into account that the value of α is very sensitive to the growth conditions and to the annealing temperature. Therefore the scatter of values is large. The smallest reported value [33] is around 1×10 −3 but for films annealed at 600 o C. The damping increases when the annealing temperature is lower, up to values similar to the ones reported here at ∼450 o C. The reasons for the increased damping are different for the thicker and the thinner films. Concerning the large damping value for the 80 nm samples, it is a common behavior in soft magnetic thin films that the damping increases strongly with thickness starting at a certain value. An example of this can be seen for NiFe in the literature [34] . In this case the damping of the films strongly increases starting at d = 90 nm. The reason for that is a non-homogeneous magnetization state for thicker films which open new loss channels in addition to two-magnon scattering responsible for Gilbertlike behavior in in-plane magnetized films. Nevertheless, the value of α decreases with the annealing temperature pointing to a overall improvement of the uniformity of the film and of the crystalline order.
For the thinner samples down to 11 nm we also observe a reduction of α upon annealing, however this situation is inverted for d < 11 nm and provides a hint to one of the posible reasons for the increase of damping with decreasing thickness. When the thickness is reduced and the effect of the interface anisotropy is becoming larger the magnetization state is becoming more inhomogeneous due to the counterplay between the demagnetization field and the anisotropy field. However, this is not the only reason explaining the α increase since this is also observable in the as-deposited sample series where K ⊥ S ≈ 0, although to a lower degree, and additional effects, e.g. due to roughness, play also a role.
A comment has to be done concerning the exact meaning of the concept of inhomogeneous magnetization used to describe our films. In an ideal thin film with smooth interfaces and in the case of K ⊥ S = 0, the demagnetizing field due to the shape anisotropy would induce a perfect in-plane orientation of the magnetization and a homogeneous state with an external applied field. For the case of a large enough K ⊥ S > 0 for a thickness below a critical value (d < d min ) the magnetization would again be homogeneous but with out-of-plane orientation and for d > d max an homogeneous in-plane state is expected. However, for a transition region d min < d < d max different inhomogeneous states can be formed. Some of them can be modelled by a simple analytical model or by micromagnetic simulations as for instance in [38] . On the other limit case, for very large thickness, the situation is similar although the origin is different. For large thickness values, the demagnetizing field responsible for the in-plane orientation is weakened allowing for the formation of inhomogeneous states similar to the previous ones.
The in-plane anisotropies were studied by measuring the dependence of the resonant field H FMR on the azimuthal angle φ. Fig. 5(a) shows exemplarily this dependence for a thickness of 11 nm in the range 0-180 o at 18 GHz for the as-deposited sample and the 450 o C annealed one. An overall four-fold anisotropy, as expected from the cubic lattice of CFA and the (100) growth direction is observed. The easy axes correspond to 0 o and 90 o . Overimposed to this, an additional weaker two-fold uniaxial anisotropy is also observed ( H FMR at 0 o and 90 o are slighty different). The uniaxial anisotropy may be induced by stress in the film or by the vicinal structure in the substrate surface induced by miscut.
In order to extract the anisotropy fields the following formula was used: Here H b and H u are the biaxial and uniaxial anisotropy fields, φ is the in-plane azimuthal angle andH FMR is the averaged value. The angle ϕ allows for a misalignment of the uniaxial and biaxial contributions, i.e. the easy axis of both contributions may be at different angles. The lines in Fig. 5(a) are fits to this formula. These field values are related to the anisotropy constants
Ms . The results for K b and K u from the fits are plotted in Fig. 5(b) . For the calculation of the anisotropy constant the magnetization values obtained from the fits in Fig. 3 are used. For K b we observe a different thickness dependence for the as-deposited series and the series annealed at 320 o C compared to the series annealed at 450 o C. The value of K b shows minor variation for the as-deposited samples with a small reduction for the thinner films. The evolution is similar for the 320 o C case. On the contrary, the anisotropy constant increases continously and strongly with decreasing thickness in the annealed series. However, the values converge for thick films and for 80 nm the difference vanishes. This points to an important role of the stress in the films, which normally relaxes with thickness, in the evolution of K b .
The absolute values are in agreement with literature data [22] . The values of K u are a order of magnitude smaller and the absolute values and the thickness dependence are very similar for the three cases.
CONCLUSIONS
In summary, we measured the evolution of the interface induced perpendicular anisotropy for epitaxial CFA/MgO interfaces and we observed a strong increase with the annealing temperature up to a value of K ⊥ S = 2.01 ± 0.7 mJ/m 2 for an annealing temperature of 450 o C. A stabilization of a perpendicular magnetization orientation is then expected for films thinner than 1.7 nm. We studied the thickness dependent magnetic properties of CFA for as-deposited and annealed series. We obtained minimum values for α for a thickness of 40 nm for all series and a different evolution with annealing for thinner or thicker films. We correlate this with interface and bulk changes upon annealing, respectively. The study of the in-plane anisotropy constant shows a much larger thickness dependence on the annealed samples compared to the as-deposited ones.
